Concrete pavements face various types of distresses such as longitudinal, transverse, and joint cracking due to traffic loading and thermal stresses. The objective of this investigation was to develop Three-Dimensional Finite-Element Models (3D-FEM) to assess the performance of dowel in Jointed Plain Concrete Pavement (JPCP).
Introduction
The first model of a rigid pavement as a slab-on-grade system was presented by Westergaard in the 1920's. He developed his method to calculate stresses and deflections in rigid pavements due to interior, edge and corner loads later (Westergaard, 1927) . The poor assumption concerning the modeling of thin slab layer and foundation and the, thermal loads, and modeling load transfer devices were the main weaknesses of the Westergaard method (Wang, Sargious & Cheung, 1972) .
A substantial amount of research and developments have been conducted for years to provide an analytical tool that would be able to model and analyze the behavior of rigid pavements. Several analytical softwares for modeling jointed concrete slabs on top of elastic foundations have been developed in the last five decades. The development of a 3D-FEM comprises a major part of the new design methods (Brill, Hayhoe & Lee, 1997) .
Nonlinear thermal gradient yield stresses in slabs owing to their external and internal restraints, including subgrade reaction, edge contact between adjacent slabs and slab-foundation friction as the external restraints due to thermal curling and thermal expansion or contraction. The restraining interaction of surrounding layers across the slab depth, which resists against the distortion of the slab as a consequence of the nonlinear thermal gradient, can produce additional internal stresses in the slab (Zokaei-Ashtiani et al. 2013; Ioannides, Peng, & Swindler, 2006) .
There are three types of joints used in concrete pavements: contraction joints, construction joints and expansion joints. Load transfers are in both the longitudinal and transverse joints to handle the applied load by traffic and environment, from one slab to the adjacent slab (Byrum & Ye, 2012) . Shorter slab lengths need a larger number of joints and therefore, higher construction costs.
The FE method is a method for solving problems with complex geometries, loading, and material properties numerically. Cheung and Zienkiewicz analyzed the rigid pavement using the finite element for both semi-infinite elastic continuum and Winkler foundation for the first time (Cheung & Zinkiewicz, 1965) . Numerous software introduced for rigid pavement analysis afterward by various researchers (Chou, 1981; Huang & Wang, 1973; Tabatabaie, Barenberg & Smith, 1979; sHoerner et al. 2000; Ioannides et al. 1984) . The 2D finite-element modeling had several limitations, they were unable to model more than two layers above the subgrade, and only one slab laying on top of a Winkler during temperature analysis could be considered. The 2D models were unable to model dynamic loading and many incapabilities where can be found in the literature (Davids, Turkiyyah & Mahoney, 1998) . With increasing computers speed and power, 3D modeling was adopted by many researchers, which had significant improvement over traditional design methods, including the availability of interface algorithms and thermal modules.
Since 70's various softwares were developed to deal with the analyzing pavements, including DYNA-3d, NIKE3D, LS-DYNA and etc (Shoukry, William & Srinivasan, 2002; Shoukry, William & Riad, 2003) . ABAQUS software was also used to simulate concrete pavement in many researches (Ioannides, Peng, & Swindler, 2006; Hesami & Sadeghi, 2015) . Darter et al. examined loss support under the effect of static loads (Darter, Hall & Kuo, 1995) . Zaghloul investigated the effects of increasing load speed from 2.8 to 16 km/hr. using ABAQUS (Zaghloul et al. 1994) . Zaman et al. used ABAQUS to analyze the dynamic response of airport pavement subjected to temperature gradient and wheel loading. He showed that increasing the temperature gradient of the slab increases both the tensile stress and the deflection of the pavement.
The previous studies had some shortcomings, including neglecting modeling dowel bars with proper elements. Often beam or spring elements were used in the modeling process. The load transfer across the joints were also simulated by either shear elements or frictional behavior. The study of the combined effect of the moving load and nonlinear temperature gradient was also neglected. The objective of this study is to propose a new model to overcome the shortcoming of the previous researches.
Model Description
Finite-element modeling of concrete pavements should include detailed 3D modeling of dowel bars and its interfaces with the surrounding concrete in addition to the standard capability of handling thermal effects. This implies that the finite-element mesh should be fine, a requirement that increases the processing time but ensures the accuracy for the results. A two-slab system with a 10-mm joint width above supporting layers was modeled using ABAQUS program. Solid 3D deformable element (C3D8R) was used to model the concrete pavement. The model geometry is similar to the model introduced by . The 254 mm thick slabs were 4600 mm long and 3660 mm wide, with a modulus of elasticity, E=30000 MPa, a Poisson's ratio, ν of 0.18 and a density of 2400 kg/m3. Base had a 200 mm thickness (E = 350 MPa and ν = 0.3) modelled on top of the subgrade with E=30 MPa and ν . A bonded interface was considered between subgrade and base. Sliding interfaces with frictional contact were selected between the concrete and the subgrade (µ = 1.5) and between each dowel and the surrounding concrete (µ = 0.05). The wheel loads were applied on contact patches moving on the slab at a speed of 105 km/hr. based upon the literature a 16.3-tons load was preferred in this study for the tandem axle (Siddharthan, Sebaaly & Zafir, 1996) . A non-reflective boundary is considered at the bottom of the model, as shown in Fig. 1 . A refined mesh zone was selected for the center of the joint, where wheel loads are applied. Fig. 2 and Fig. 3 show the finite-element mesh used for the study. In this study, the history of a certain parameter, versus the distance of the front axle from a certain point will be mas.ccsenet.org Modern Applied Science Vol. 11, No. 11; 2017 plotted against the parameter history. The negative sign of the distance means that the moving load is moving toward the element, and a positive distance means that the load is moving away from it. The histories developed in four elements, which fall along the inner wheel-path are examined. Fig. 4 shows a schematic of the four elements selected. Two of which are located at the slab top and bottom at mid slab length, called elements M1 and M2. The other two elements are located at the slab top and bottom at the edge of the second transverse joint, elements J1 and J2. These locations were selected to compare the output of the FEM with the existing field results which are described later. Figure 4 . location of the elements studied (William & Shoukry, 2001) The model is verified with the results of the Ohio road test results (Shoukry, Martinelli & Reigle, 1997) . The locations of the sensors in the road test is shown in Fig. 5 . Figure 5 . Location of the sensor in the road test (Sargand & Breegle, 1998) The longitudinal strains from the finite element are compared to results of the road test and shown in Fig. 6 . The result shows that the FEM model used in this study is accurate and can be used to simulate concrete pavements. 
Results
Fig . 7 shows the deformed shape of the slab from the results of the FE analysis. Tensile stresses can lead to the cracking progress alongside the pavement centerline. Observed tensile stresses at the bottom of the slab are higher than the top. Longitudinal cracking might initiate from both top and bottom of the slab. The highest peak of tensile stress experienced when an axle load is passed the joint, but the second axle is yet on the latter slab. Vol. 11, No. 11; 2017 80 Fig . 9 shows the effects of the interface between concrete and base on the maximum principal stress at the bottom of the pavement. Bonding the two layers causes an extra tensile stress and strain at the slab bottom which increases when the first axle is on the approach slab, and the second axle load left the slab edge. Transverse joints are more susceptible to concrete/base bond. Figure 9 . Effects of the interface of the slab/base on the maximum principal stress within slab Fig. 10 and Fig. 11 show the effects of joint opening on the maximum principal stress and maximum longitudinal stress within the pavement. Two cases were studied, first with a 19 mm joint width and without joint where the aggregate interlock exists for transferring load to the adjacent slab. Figure 10 . The effects of joint opening on the maximum principal stress induce Figure 11 . The effects of joint opening on the maximum longitudinal strain
The maximum principal stress and longitudinal strain are plotted for each element. The results showed that aggregate interlock increases εx induced at the bottom of the slab along the transverse joint. The pictures revealed that the joint width is only effective on the stress and strain induced at the joints and does not have mas.ccsenet.org
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The effect of the slab length on the response of the pavement is shown in Fig. 12 . It is shown that reducing slab length to 3.1 m didn't have much effect on the maximum principal stress and deflection at mid slab or joints. Generally, the change in slab length is not effective on pavement response at mid slab. In case of the thermal gradients, the result may be different. Figure 12 . Effect of the slab length on the maximum principal stress induced in concrete slab Figure 13 . Effect of slab length on the maximum vertical deflection
The selection of slab thickness is related to structural and economic issues. In this study, the effect of increasing slab thickness is investigated. The 11 percent increase in the slab thickness reduced maximum principal stress and longitudinal strain within the pavement. The reduction in the joints is more than that at the mid slab as it is shown in Fig. 14 and Fig. 15 . Vol. 11, No. 11; 2017 Figure 15. The effects of the slab thickness on the maximum longitudinal strain Thermal gradient causes slab to curl and the corners separate from the beneath layer. In this study, three types of the loading are applied in finite-element modeling. Thermal gradient, slab weight and axle loads. All layers are modeled using linear elastic materials. The nonlinear gradient profiles that used in the study were presented by Shoukry et al. (2000) are as follows: Vol. 11, No. 11; 2017 Fig . 16 shows the vertical deflection at the bottom of the slab for the negative gradients of 5, 6.2 and 14.45 o C and positive gradients of 7.14, 10 and 14.45 o C. the deflection is plotted against the distance from the transverse joint. Results show a significant change in the slab curl due to change in the gradient. The curl is also influenced by axle load. The negative gradient is more dangerous at nights due to heavier traffic.
Conclusion
In this study a 3D finite element was presented to assess the combined and separated effects of the moving axel load and thermal gradient. The model was verified with the result of Ohio road test. The results of the parametric study showed that:
• The change in the slab length is not effective on the pavement response • Increasing slab thickness reduced stress and strains induced at concrete slabs. The stress reduction is more evident at the joints.
• Aggregate interlock increased horizontal strain at bottom of the slab at transverse joints.
• Increasing slab thickness reduced maximum principal stress and horizontal strain which is more noticeable at mid slab.
•
The slab curve changes significantly with the change of thermal gradient from the positive to negative.
